Abstract We studied a large debris-avalanche deposit of Pleistocene age in the Tenteniguada Basin, Gran Canaria Island, Spain. This deposit, which is well preserved because it is mostly covered by basanite lava flows, has distinctive matrix and block facies, hummocky topography and internal structures typical of debris avalanches. However, neither syneruptive lavas nor some characteristic features of volcanic debris-avalanche deposits, such as a stratovolcano edifice or a horseshoe-shaped crater, are present. The occurrence of internal features characteristic of volcanic avalanche deposits could be attributed to the volcanic materials involved in the movement rather than to the triggering of the avalanche during a volcanic eruption. The conditioning factors are shown to be associated with specific structural and hydrological conditions, such as the presence of old volcanic domes, strength reduction of the rocks, effective stress decrease, active gully erosion and water table rise during Pleistocene humid episodes. We finally suggest that the possible triggering factor of the avalanche was a neighbouring volcanic or tectonic earthquake.
Introduction
Debris avalanches are large, extremely rapid and often open-slope landslides, which may have been initiated by the collapse or sliding of a rock mass and might all be classified as flows or complex slides according to the categories of Cruden and Varnes (1996) . These landslides may result from volcanic activity, an earthquake, heavy rainfall or melting snow. The majority of debris-avalanche deposits have been produced by slope failures in active volcanic areas (e.g. Siebert 1984; Voight 2000) . In these areas, debris avalanches can also be triggered by earthquakes, precipitation or simply gravity (e.g. Endo et al. 1989; Belousov et al. 1999; Capra et al. 2002) ; in such cases, their non-volcanic origin has been suggested.
The type of volcanic activity that may cause a debris avalanche includes deformation of a volcanic edifice due to dome intrusion (Voight et al. 1983) , phreatic explosion (Glicken and Nakamura 1991) and slumping of a caldera wall (Lipman 1976) ; the source area is typically characterised by a horseshoe-shaped crater. Since the 1980 Mount St. Helens eruption, some volcaniclastic formations have been reinterpreted as debris-avalanche deposits (e.g. Crandell et al. 1984; Francis et al. 1985) , and criteria for discrimination between debris avalanches and other volcaniclastic deposits have also been established (Ui 1989; Ui et al. 2000) . In addition, the presence of water and the large volume of the slide mass have been suggested as responsible for the long runout of these landslides (Legros 2002) .
Morphologically, debris avalanches are usually characterised by hummocky topography and steep-sided distal and lateral edges. Internal evidence to identify a deposit as resulting from a debris avalanche is the presence of specific block and matrix facies (Ui 1989) . The block facies consists of coherent, unconsolidated or poorly consolidated volcanic body fragments, some decimetres to tens of metres in size, which commonly preserve their internal stratification and/or intrusive contacts. Megablocks can also be present, which are defined as blocks more than 20 m in size. The matrix facies is made up of a mixture of volcanic clasts derived from a source volcano (Ui et al. 2000) and it is commonly composed of poorly sorted clasts, which are angular in shape and highly fractured at different scales, and often shows jigsaw-puzzle fit. The clasts are occasionally subrounded, thereby indicating abrasion during viscous flow (Schneider and Fisher 1998) . In addition, many recent debris-avalanche deposits have been found along valleys or ravines (Takarada et al. 1999) , which indicates that the avalanche has behaved as a channelled flow (Endo et al. 1989) .
Because debris-avalanche deposits are composed mainly of unconsolidated volcaniclastic materials or fragmented lava flows, they are easily eroded by rivers and streams. For this reason, geologically old debris-avalanche deposits are usually not well preserved, and are, thus, difficult to be recognised as mappable stratigraphic units.
This article describes and analyses a large, well-preserved Pleistocene debris-avalanche deposit in the volcanic island of Gran Canaria, including its internal structures, geomorphological features, geological materials and facies. It further discusses the pre-existing preparatory factors of the avalanche and its paleoclimatic context and suggests a possible triggering cause.
Geological setting
Gran Canaria Island is one of the seven main volcanic islands that make up the Canary Islands archipelago, which is located in an intraplate zone at latitude 28°and 29°N in the Atlantic Ocean, 110 km off the northwest coast of Africa (Fig. 1a) .
The Canary Islands have undergone debris avalanches and other major landslides. Giant landslide deposits are present on the flanks of the youngest and most volcanically active islands of La Palma, El Hierro and Tenerife. Tenerife Island exhibits three voluminous subaerial valleys and a wide offshore apron of landslide debris produced by recurrent flank failures (Hürlimann et al. 2000) . Masson et al. (2002) also studied major landslide forms and deposits on the flanks of the western Canary Islands and concluded that they can be classified as debris avalanches, slumps or debris flows. Debris avalanches are the most common type of landslide mapped on the flanks of the Canary Islands. On the other hand, rock falls, rock slides, debris slides and debris flows are common in the inland areas of these islands (e.g. Lomoschitz et al. 2002) .
On the island of Gran Canaria, several debris-avalanche deposits have been described. Some of the most important are located in the S-SW sector of the island, corresponding to the ultimate constructive phase of Roque Nublo Pliocene stratovolcano, which spread its materials from the central highlands to the coast (García Cacho et al. 1994; Mehl and Schmincke 1999; Fig. 1b) .
One of these deposits, which is the subject of this study, is located in the Tenteniguada Basin in the eastern sector of the island (see Fig. 1b ). This basin, an area of about 22.5 km 2 , has a semicircular head scarp crowned by a number of phonolite domes that stand out in the landscape; it is drained by the San Miguel ravine and some of its tributaries (Fig. 2) . This extensive deposit was inferred by Balcells et al. (1990) to be produced by a gravitational, non-volcanic landslide that occurred in the Pliocene. However, Quintana and Lomoschitz (2005) suggested its Quaternary age and described its debris-avalanche appearance.
Gran Canaria is a nearly circular island with a diameter of 45 km, an area of 1,532 km 2 , and a maximum elevation of 1,949 m. All exposed volcanic and intrusive rocks on the island were formed within the past 15 Ma. According to Funck and Schmincke (1998), three major magmatic phases or cycles can be distinguished:
1. A subaerial Miocene phase which included the rapid formation (<1 Ma) of a complex basaltic shield volcano, trachytic to rhyolitic volcanism and the collapse of the central area of the basaltic shield. This was followed by the eruption of a 500-1,000 m thick sequence of trachyphonolitic ignimbrites and lava flows, accompanied by intrusive syenites. The Miocene phase was followed by a major non-volcanic interval of about 3-4 Ma. 2. During the Pliocene, a large complex volcanic edifice, more than 1,000 m high, was constructed above the eastern rim of the Miocene caldera. Lava and pyroclastic flows of varied composition, lahars and terminal debris avalanches occurred during this phase as well as the intrusion of several phonolite domes. 3. Quaternary volcanism occurred exclusively in the north eastern half of the island, generally in the form of basanite lavas and pyroclasts, creating many volcanic cones.
In this sequence, the Tenteniguada debris-avalanche (TDA) deposit overlies Mio-Pliocene rocks of Cycle I and II and, in turn, is overlain by Plio-Quaternary volcanic materials and sedimentary deposits. The underlying bedrock includes materials representative of the three magmatic cycles for Gran Canaria (Table 1) . In general terms, the age of Cycle I is Miocene (Balcells et al. 1992) , that of Cycle II (also named Roque Nublo Cycle) is Pliocene (Pérez-Torrado et al. 1995) and that of Cycle III is Plio-Quaternary (Guillou et al. 2004) . Thus, it is clear that the TDA main slide occurred between 276 ka and 1.97 Ma ago, during the Lower to Middle Pleistocene. 
Geomorphological features
The TDA deposit is 7.1 km long and has an average width of 1.5 km. Its thickness varies along its length, from a range of 5-15 m in its upper zone, near the village of Tenteniguada, to a range of 20-60 m in its middle and distal zones. The toe, however, has been somewhat eroded because it was not covered by younger protective lava flows (Fig. 2) . The deposit constitutes a large, continuous blanket that covers an area of about 8.8 km 2 , with a total volume of about 0.35 km 3 . Both the absence of a major horizontal discontinuity within the deposit and the nearly progressive facies change observed along its length (see below) suggest that it was generated by a single major landslide event.
The avalanche deposit has a nearly W-E trending elongated shape and extends from a mountainous area to the west, at a maximum altitude of 1,700 m, to a gently sloping area to the east, by the village of Tecén, at 300 m a.s.l. (Fig. 2) . The deposit is covered by basanite lava flows, which structurally control the relief due to their hardness (Fig. 3) . However, these lava flows have been incised by the aforementioned ravines. In addition, the originally abrupt transition from the head to the bottom of the basin has been smoothed by large scree and colluvial deposits. Fig. 2 Geological map of the Tenteniguada Basin, modified from Quintana and Lomoschitz (2001) and Quintana (2003) . Sections A-A′-A″ and B-B′ are shown in Fig. 3 Although it occurred during the Pleistocene, the TDA deposit nonetheless appears quite well preserved. The main reason for this is the later eruption of basanite lava flows that covered most of the deposit (Fig. 3) . The deposit, however, crops out for nearly 2 km in the vicinity of the avalanche toe (see eastern area in Fig. 2 and section B-B′ in Fig. 3) , thus, favouring some relevant slope processes: (1) a number of secondary rotational landslides, 20-600 m in width, have been generated by ravine erosion of densely fractured avalanche rocks (Fig. 4) and (2) intense gully erosion has taken place along the walls of the San Miguel Ravine. These walls have been formed on the TDA deposit, whose materials have become quite loose. As a result of these combined processes, a large amount of debris has been generated, which has, in turn, given rise to a braided-type alluvial deposit (Fig. 4) .
Facies, materials and structures
Two main facies have been distinguished in the TDA deposit, following the terminology of Ui (1989) : the matrix facies and the block facies. The matrix facies consists of a grain-supported, brecciated, chaotic material with angular and subangular clasts of diverse composition. However, we recognised a tendency to form groups of clasts similar in lithology (Fig. 5a ). Clast size varies highly, ranging from a few millimetres to 50 cm with an average diameter of 35 cm; there is no evidence of sorting. The block facies mainly consists of little deformed megablocks of phonolite, tephrite and fall pyroclasts. These megablocks, which are sometimes larger than 50 m in size, could be easily misidentified as bedrock formations, but the frequent occurrence of jigsaw-puzzle cracks (Fig. 5b) indicates that they form part of the slide mass. Glicken (1996) suggested that this kind of structure results from an expansion process during the avalanche movement (Fig. 5c) .
The materials that make up the TDA deposit are dominantly Pliocene phonolite-ignimbrite and basalt to tephrite lava flows. In addition, some hydromagmatic and pyroclastic fall deposits of the same age are found (Table 1 ). The phonolite-ignimbrite contains a high proportion of clasts (40-70%) and, if fractured, commonly has a high proportion of matrix facies. In contrast, basalt and tephrite lava flows, which are the most competent rocks of the deposit, are massive and quite homogeneous and normally correspond to block facies. Only when they are intensely fractured do they include matrix facies. The hydromagmatic and pyroclastic fall layers of phonolitic composition appear quite loose with granular texture, thus, readily transitioning into matrix facies.
From visual, semi-quantitative observations of a number of outcrops, we have estimated block facies and matrix facies percentages along the TDA deposit (Fig. 6) . The block facies is the only one found in the proximal zone, whereas it is predominant in the middle zone. The main change occurs in the lower middle zone, where significant portions of matrix facies are present (between 10% and 30%, and even 90%). The distal zone only contains matrix facies.
A number of structures can be observed in the TDA deposit. Amongst these, the jigsaw-puzzle cracks are the most common and conspicuous; they occur all along the proximal and middle zones, in coincidence with the block facies. A chaotic internal structure, including more than 60% of subrounded clasts, is characteristic of the matrix facies in the distal zone. Vertical joints, which acted as tension cracks, are present in the middle zone, cutting the TDA deposit entirely from top to bottom. Other internal structures, such as clastic injection plugs, micro-faults, elongations, etc., locally occur within the middle zone of the deposit as a result of quick compressive stresses. 
Conditioning factors
Four main pre-existing conditioning factors are suggested for the TDA: (1) the presence of old intrusive bodies at the head of the basin, (2) the presence of underlying weathered rocks, (3) the influence of a humid climate period in reducing the strength of the rocks and (4) active gully erosion at the base of the original slope.
We suggest that the emplacement of a number of dykes and volcanic domes at the head of the Tenteniguada Basin generated changes in stress state (Voight and Elsworth 1997 ) that contributed to the instability of the slope in the E-NE area. These bodies, whose width or diameter varies from a few metres to a few hundred metres, formed a zone of structural weakness that could have favoured the detachment of materials from the slope (Fig. 3) . We also believe that the weathered materials of the Pliocene formations (mainly basalt-tephrite pyroclastic layers, phonoliteignimbrite and ash fall layers), which are exposed on the upper gullies in the basin, decreased the coherence of the massif. We also suggest that a period of heavy rainfall acted as preparatory factor of the TDA, because (1) actively eroding ravines were present when the avalanche occurred and (2) a rather long period of rain followed the avalanche event, as it is evidenced by the presence of a bed of alluvial gravel on top of the avalanche deposit. Therefore, we suggest that the original rocky slope was loaded with rain water for Fig. 7 Suggested relationship between main erosive episodes in the Tenteniguada Basin (nos. 1, 2 and 3 circled and light blue rectangles) and climate variations on the eastern Canary Islands during the Pleistocene. Humid episodes are shown in green (adapted from Meco et al. 2003) . Ice volume values indicate the relative volume of ice (from 0 to 1) in Antarctica, inferred from δ 18 O (ice volume proxy) and marine isotope stages (from Petit et al. 1999 ) Fig. 6 Spatial distribution of the block and matrix facies and main internal structures along the Tenteniguada debris-avalanche deposit a substantial period of time, the water table rose, the unit weight and the pore pressure increased and the effective cohesion and friction angle of the slip layer decreased, thus, greatly favouring slope failure.
Moreover, there is considerable evidence of an active drainage network when the debris avalanche occurred. Firstly, much of the avalanche was channelled along a paleo-valley and, secondly, the sliding mass incorporated some fluvial gravels and boulders during its movement (i.e. "bulking"). Thus, active gully erosion at the base of the slope is considered to be another conditioning factor for the debris avalanche.
Some of these conditioning or preparatory factors coincide with those inferred by Hürlimann et al. (1999) for the north flank failures of the neighbouring island of Tenerife. These authors emphasised the strong influence of geological, morphological and climatic conditions on reducing the rock strength. In addition, Siebert (1984) stated that, from a geomechanical point a view, slope angle is one of the most important parameters influencing the stability of volcanic slopes. However, the slope angle prior to the occurrence of the TDA (approximately 22°) does not seem to be sufficiently high to provoke itself the failure, even if under heavy rainfall conditions. Consequently, a specific triggering mechanism must be inferred.
Possible triggering cause
According to Glicken (1996) , in an active volcanic area, the triggering cause of a debris avalanche could be magmatic, phreatomagmatic or seismic, and the first two causes are normally associated with dome-growth deformation and explosive eruptions. However, in the Tenteniguada Basin, the phonolitic domes at its head are about 3 Ma old, implying that they occurred prior to the debris avalanche (Table 1) , whereas the lack of syneruptive pyroclastic deposits in the area indicates that there was no eruptive event at that time. Besides, it is very difficult to establish an unequivocal relationship between a prehistoric explosive eruption (or a seismic event) and the triggering of a debris avalanche, unless geological evidence is shown.
Although there is evidence of several pre-existing preparatory factors for the TDA, we cannot explicitly suggest a triggering cause with the available data. However, as volcanic and tectonic earthquakes are common on the Canary Islands (e.g. Mezcua et al. 1992; González de Vallejo et al. 2005) , seismic acceleration due to a volcanic or tectonic earthquake could have been the trigger of the TDA.
Paleoclimate context and main geomorphological processes
Evidence of the main climate changes during the Pleistocene has been found in the uplifted fossiliferous marine deposits and continental deposits (sand dunes, calcretes and paleosols) in the eastern Canary Islands. The Miocene marine fauna found is indicative of tropical climate with small variations. However, about 3 Ma ago change to milder conditions took place, and periods of aridity alternated with humid episodes (Meco et al. 2003) . The three, best-recorded Quaternary humid episodes in the region correspond to 0.42 Ma (marine isotopic stage (MIS) 11.3), the last interglacial approximately 125 ka (MIS 5.5) and the Holocene interglacial (MIS 1) with an age of 8-10 ka (Fig. 7) .
We infer that several significant geomorphological processes took place in the Tenteniguada Basin during this period, including the debris avalanche, which can be associated with the three abovementioned major humid episodes as follows (cf. Table 1 ). The first episode (between 1.97 Ma and 276 ka, possibly corresponding to MIS 11.3, that is, Middle Pleistocene) is thought to have encompassed heavy rainfall at the head of the slope, thus, helping to cause the debris avalanche, followed by its partial erosion and the deposition of a 0.5-2.5 m thick layer of gravel. The second episode produced severe gully erosion on the avalanche deposit, forming the San Miguel Ravine and causing a number of lateral slumps. A correlation with MIS 5.5 (early Upper Pleistocene) is proposed for this episode. The third, less intense, episode occurred during the Holocene (MIS 1), continuing the gully erosion and partially removing the gravels on the riverbed of the San Miguel Ravine (see Fig. 7 ).
Conclusions
A good example of an ancient debris-avalanche deposit has been studied in the Tenteniguada Basin, Gran Canaria Island, Spain. Because the deposit is large, very well preserved and partly exposed, some diagnostic structures and facies indicative of debris avalanche could be observed and analysed. The deposit was previously regarded by Balcells et al. (1990) as a landslide of Pliocene age. However, from our study, we propose that it was produced by a debris avalanche of Middle Pleistocene age based on recent dating, its stratigraphic relationships and the paleoclimatic conditions in the area.
The presence of rounded clasts at the base of the deposit and their elongated shape is indicative of both a pre-existing actively eroding ravine prior to the avalanche occurrence and the movement of the slide mass through the ravine. In addition, the lack of unconformities and other major discontinuities within the deposit suggests that the movement occurred in a single major event. On the other hand, the occurrence of an alluvial gravel layer on top of the deposit indicates that intense rainfall followed the avalanche.
We also suggest that the most important stages in the morphological evolution of the basin are associated with the best-recorded humid episodes during the Quaternary, as dated by Meco et al. (2003) . Consequently, heavy rainfall during a humid episode corresponding to MIS 11.3 (approximately 420 ka) is thought to have acted as a major preparatory factor for the debris avalanche, increasing the pore water pressure within the rocky massif and facilitating gully erosion at the base of the original slope.
Notwithstanding the materials of the deposit are of volcanic origin, we conclude that the main triggering factor for the debris avalanche was not related to a volcanic eruption in the Tenteniguada Basin area. Although this trigger could not be accurately determined, we believe that the most likely one was a seismic acceleration due to a neighbouring volcanic or tectonic earthquake.
